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Alongside the time-locked event-related potentials (ERPs), nociceptive somatosensory
inputs can induce modulations of ongoing oscillations, appeared as event-related
synchronization or desynchronization (ERS/ERD) in different frequency bands. These
ERD/ERS activities are suggested to reflect various aspects of pain perception,
including the representation, encoding, assessment, and integration of the nociceptive
sensory inputs, as well as behavioral responses to pain, even the precise details of
their roles remain unclear. Previous studies investigating the functional relevance of
ERD/ERS activities in pain perception were normally done by assessing their latencies,
frequencies, magnitudes, and scalp distributions, which would be then correlated with
subjective pain perception or stimulus intensity. Nevertheless, these temporal, spectral,
and spatial profiles of stimulus induced ERD/ERS could only partly reveal the dynamics
of brain oscillatory activities. Indeed, additional parameters, including but not limited
to, phase, neural generator, and cross frequency couplings, should be paid attention
to comprehensively and systemically evaluate the dynamics of oscillatory activities
associated with pain perception and behavior. This would be crucial in exploring the
psychophysiological mechanisms of neural oscillation, and in understanding the neural
functions of cortical oscillations involved in pain perception and behavior. Notably, some
chronic pain (e.g., neurogenic pain and complex regional pain syndrome) patients
are often associated with the occurrence of abnormal synchronized oscillatory brain
activities, and selectively modulating cortical oscillatory activities has been showed to
be a potential therapy strategy to relieve pain with the application of neurostimulation
techniques, e.g., repeated transcranial magnetic stimulation (rTMS) and transcranial
alternating current stimulation (tACS). Thus, the investigation of the oscillatory activities
proceeding from phenomenology to function, opens new perspectives to address
questions in human pain psychophysiology and pathophysiology, thereby promoting
the establishment of rational therapeutic strategy.
Keywords: pain, cortical oscillations, event-related desynchronization (ERD), event-related synchronization
(ERS), electroencephalography (EEG)
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INTRODUCTION
Pain, affecting the well beings of millions of individuals and
imposing a severe financial burden upon our societies, is a major
public healthcare problem. Pain relief, especially for the patients
with pathological chronic pain, still remains a very problematic
challenge to the physicians. The progress in understanding
of the neural representation of pain in humans is not only
important for basic neuroscience research, but also critical to
develop effective strategies for the diagnosis and management
of the pathological pain conditions. Specifically, this constitutes
the understandings of: (1) the physiological mechanisms of
the nociceptive system in healthy populations, particularly the
cortical processes underlying the perception of pain and (2) the
pathophysiological mechanisms of the nociceptive system in
chronic pain patients, particularly the peripheral and central
mechanisms leading to chronic pain. Thus, for a better
understanding of the physiology and pathophysiology of pain in
humans, novel approaches should be developed to identify the
neural activities related to the processing of noxious inputs in
humans, as well as characterize their functional roles in subjective
pain perception.
In both physiological (Iannetti et al., 2003) and
pathophysiological (Treede, 2003; Treede et al., 2003) studies,
laser-evoked potentials (LEPs) have been extensively used to
investigate the peripheral and central processing of nociceptive
somatosensory inputs, and are currently considered as the best
available diagnostic tool to assess the function of nociceptive
pathways in patients (Cruccu et al., 2010). The radiant heat
pulses that selectively excite nociceptive nerve endings in
the epidermis (Bromm et al., 1984), can elicit a number of
electrical brain responses, some of which can be detected
with the electroencephalography (EEG) recording techniques
(Carmon et al., 1976; Mouraux et al., 2003). Note that the
EEG response is time-locked if it manifests the same pattern
at roughly the same time on each trial after the stimulus onset,
and the EEG response is phase-locked if it takes the same
phase angle on each trial after the stimulus onset (Mouraux
and Iannetti, 2008). The time-locked and phase-locked LEPs
could be commonly obtained by an across-trial averaging
procedure. Several deflections have been identified in LEPs
(Figure 1), including: (1) an early component of a small
negative deflection (N1, peaking at approximately 160 ms when
stimulating the hand dorsum), with maximal distribution over
the central temporal region contralateral to the stimulated
side (Valentini et al., 2012); (2) the largest deflection of a
negative-positive vertex potential (N2-P2 complex, peaking
at approximately 160 and 390 ms when stimulating the hand
dorsum), with maximal scalp distribution over the central
region (Iannetti et al., 2008); and (3) a late component of a
positive deflection (P4, approximately 390 ms when stimulating
the hand dorsum), with maximal scalp distribution over the
central–parietal region contralateral to the stimulated side
(Hu et al., 2014a). As revealed by dipole modelings of scalp,
subdural recordings, and direct intracranial recordings (Tarkka
and Treede, 1993; Bromm and Chen, 1995; Lenz et al., 2000;
Garcia-Larrea et al., 2003; Valentini et al., 2012), LEPs were
showed to be generated from a combination of cortical and
subcortical structures, including the primary and secondary
somatosensory cortex (S1 and S2), insula, and anterior/mid-
cingulate cortex (ACC/MCC), as well as parietal operculum.
Functionally, recent evidences (Iannetti et al., 2008; Mouraux
and Iannetti, 2009) showed that these laser-evoked EEG
responses represent an indirect readout of the function of
nociceptive system, mainly determined by the saliency of
the eliciting nociceptive stimulus, i.e., the ability to capture
attention, instead of the specific neural processes underlying
pain perception.
Alongside the ERPs, sensory stimuli could also induce
transient modulations of the ongoing oscillatory activities in
different frequency bands (Pfurtscheller and Lopes da Silva,
1999). Since these oscillatory activities are normally time-
locked but not phase-locked to the onset of the stimulus,
they would be eliminated by the classical across-trial averaging
procedures that are typically used to reveal ERPs (Mouraux
and Iannetti, 2008). Alternative signal processing techniques,
based on the joint time-frequency decompositions of signals,
are often adopted to explore the neurophysiological mechanisms
of brain oscillations. These modulations are characterized by
either transient enhancement (event-related synchronization,
ERS) or transient suppression (event-related desynchronization,
ERD) of the oscillation power, usually confined to a specific
frequency band (Pfurtscheller and Lopes da Silva, 1999). The
functional significance of ERS and ERD differs according to the
frequency band within which they occur. For example, ERD
in the alpha band (frequencies ranging from 8–13 Hz) has
been hypothesized to reflect cortical activation or disinhibition
(Pfurtscheller and Lopes da Silva, 1999; Schnitzler et al., 2000;
Hu et al., 2013), while ERS in the gamma band (frequencies
ranging from 30–100 Hz) has been hypothesized to play a crucial
role in cortical integration and perception (Tallon-Baudry and
Bertrand, 1999; Gross et al., 2007; Fries, 2009; Hipp et al.,
2011).
By performing time–frequency analysis on the EEG
signals elicited by nociceptive somatosensory stimuli, several
electrophysiological responses (ERPs) related to the activation
of nociceptive fibers have been disclosed (Figure 1), including:
(1) a suppression of the alpha oscillations, i.e., α-ERD, globally
across somatosensory, motor, and visual areas, reflecting a
widespread change of cortical function and excitability, and
relating to the special alerting function of pain (Mouraux
et al., 2003; Ploner et al., 2006b; Hu et al., 2013); (2) a
suppression of beta oscillations (∼20 Hz in frequency), i.e.,
β-ERD, predominantly over the contralateral primary motor
cortex without an obvious beta oscillation rebound followed
(Raij et al., 2004), indicating the prolonged excitations of
neurons within motor cortex, which may be associated with
the facilitation of the voluntary movements to prevent tissue
damage in pain processing; and (3) enhancement of gamma
oscillations, i.e., γ-ERS, over contralateral somatosensory cortex,
particularly relating to subjective pain intensity (Gross et al.,
2007; Zhang et al., 2012; Hu et al., 2014b), and reflecting the
internal representations of behaviorally relevant stimuli that
should receive enhanced/preferred processing.
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FIGURE 1 | Flowchart describing the identification of pain related electrophysiological features and applications in both basic and clinical pain study.
Nociceptive somatosensory inputs can elicit transient changes in the ongoing electroencephalography (EEG) activities, including phase-locked event-related
potentials (ERPs) and non-phase-locked modulations of ongoing oscillatory activities in multiple frequency bands (appeared as event-related desynchronization or
synchronization, ERD or ERS). The phase-locked ERPs activities could be obtained by the classical across-trial averaging process, characterized by their peak
latency, amplitude, scalp topography, and neural generators, while the non-phase-locked ERD/ERS activities could be identified using time-frequency analysis (TFA),
characterized by several parameters including latency, frequency, magnitude, scalp topography, phase, neural generator, casual information flows, and
cross-frequency couplings (CFCs). The assessment of the relationship between human pain perception and electrophysiological responses has the potential
applications in both basic and clinical pain study, including: (1) exploring electrophysiological signatures coding subjective pain perception; (2) predicting subjective
pain intensity; (3) exploring pathological mechanisms of chronic pain; and (4) relieving pain modulating the cortical oscillatory activities using neurofeedback
techniques.
These painful stimulus induced ERD/ERS responses,
occurring in painful information processing, have been suggested
to be associated with the perception of pain (Babiloni et al., 2006;
Gross et al., 2007; Zhang et al., 2012) and with endogenous or
exogenous attention to the painful stimuli (Mouraux et al., 2003;
Hauck et al., 2007; Hu et al., 2013). However, it is still not clear
whether these somatic sensory pain-related oscillatory activities
are pain-specific opposed to non-painful somatosensory stimuli,
or the salience of the stimuli presentation (Iannetti et al., 2008;
Mouraux and Iannetti, 2009). Even though, these stimulus
induced ERD/ERS activities could indeed provide plentiful
information related to brain processing, which is different
from those cortical activities reflected by stimulus-evoked ERPs
(Mouraux and Iannetti, 2008). Previous studies have indicated
that nociceptive somatosensory stimuli induced ERD/ERS
activities in multiple frequency bands could reflect various
aspects of pain perception (e.g., representation, encoding,
assessment, and integration of the nociceptive sensory stimuli, as
well as the behavioral responses to pain), even the precise details
of their roles remain unclear. Indeed, investigating the cortical
oscillatory activities involved in human pain perception and
establishing the oscillatory basis of pain opened a new window
to study the cortical process underlying pain perception. Thus,
in this article, we will: (1) highlight several methodological
recommendations on investigating brain oscillations related to
pain and (2) summarize the potential applications in both basic
and clinical pain study.
METHODOLOGICAL RECOMMENDATIONS
TO EXTRACT PAIN RELATED BRAIN
OSCILLATORY ACTIVITIES
The transient modulations of cortical oscillatory activities
induced by the nociceptive somatosensory stimuli are normally
characterized by their peak frequency, latency, magnitude,
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and topography distribution, relative to the baseline period
(using subtraction or percentage approach). Nevertheless, the
traditionally temporal, spectral, and spatial profiles can only
partly reveal the dynamics of brain oscillatory activities.
Investigating novel parameters comprehensively characterizing
brain oscillations could help explore the psychophysiological
mechanisms of neural oscillations, as well as the neural functions
of cortical oscillations involved in sensory perception and
behavior. In addition, pre-stimulus ongoing EEG oscillation
could influence both post-stimulus electrophysiological activities
and sensory perception (Thut et al., 2006; Romei et al.,
2008; Fellinger et al., 2011; Lange et al., 2012; Tu et al.,
2016), suggesting the importance of dissecting the contributions
of pre- and post-stimulus oscillation to the variabilities of
painful stimulus induced ERD/ERS activities. Based on these
understandings, from the methodological aspect, we encourage
the researchers of pain field to: (1) utilize novel parameters to
comprehensively characterize pain related oscillations and (2)
dissect the contributions of pre- and post-stimulus oscillations,
when they are investigating the dynamics of brain oscillatory
activities associated with pain perception and behavior.
Utilization of Novel Parameters to
Comprehensively Characterize Pain
Related Oscillations
Apart from the appearing frequency, latency, magnitude, and
scalp topography, several other parameters, including but not
limited to, the phase, neural generator, and cross-frequency
coupling (CFC) of pain related oscillations, should also be further
investigated, for a comprehensive and systemic understanding of
the brain oscillations associated with pain.
Phase
Much of the research on oscillations in human EEG has focused
on the dynamics of oscillations magnitudes. Nevertheless,
the phase of the oscillatory activities at a given frequency
band reflects cyclic fluctuations of a network’s excitability and
varies on a much faster timescale than the sluggish amplitude
fluctuations at the same frequency band (Buzsáki and Draguhn,
2004; Lakatos et al., 2005; Rajkai et al., 2008), the phase of
the oscillations may provide deep insights into the fine-grained
neural mechanisms underlying sensory perception (Buzsáki and
Draguhn, 2004; Busch et al., 2009). Indeed, it is suggested that
phase synchronization between alpha oscillations in different
brain areas allows for an effective network communication and
information transmission regulation (von Stein and Sarnthein,
2000; Palva and Palva, 2011; Saalmann et al., 2012).
A growing body of studies on EEG oscillations have shown
that the phase of ongoing theta and alpha frequency oscillations
prior to the onset of stimuli could influence both the subsequent
ERPs (e.g., Haig and Gordon, 1998; Kruglikov and Schiff, 2003;
Gruber et al., 2005; Fellinger et al., 2011) and sensory stimulus
perception (Busch et al., 2009; Mathewson et al., 2009). As
shown in the target auditory oddball data, the amplitude of ERPs
(e.g., N100 amplitude) as well as the reaction times (RTs) were
both significantly modulated by the phase synchronization of
the alpha oscillation that was evaluated by the angular variance
of the oscillation (Haig and Gordon, 1998). Using identical
visual stimuli at the individual detection threshold (Busch et al.,
2009), the phase of ongoing oscillation (in theta and alpha
frequency bands) accounted for about 16% of variabilities of
visual detection performance (hits or misses) and allowed the
prediction of sensory performance on the single-trial level. In
other words, the phase of ongoing oscillations reflects the cortical
processing of threshold visual stimuli, thus providing a direct
link between phase of oscillations and sensory perception and
behavior.
These evidences of a relationship between spontaneous
oscillation phase and the amplitude of subsequent ERPs, manual
responses, and sensory perception, are in line with the cellular
level concept that the neuronal oscillations reflect the cyclic
variations of neuronal excitability (Buzsáki and Draguhn, 2004;
Rajkai et al., 2008). Even the dynamics of phase information in
cortical oscillatory activities have been shown to be functionally
relevant in stimulus processing and perception of auditory,
visual, and even somatosensory modalities, the modulations of
pain elicited ERPs as well as pain perception and behavior by
the phase of the oscillatory activities, still remain unclear. It
therefore needs further investigation, which could broaden the
understanding regarding how the ongoing oscillations shape our
sensory painful perception.
Neural Generators
The spatial characteristics of stimulus induced ERD/ERS
activities could be based on their scalp topographies, but the
effects of active references in EEG recordings could not be
denied. Whether the reference problems in assessing ERD/ERS
oscillatory activities could be reduced by approximately
standardizing the reference of scalp EEG recordings to a point at
infinity, which was ever proposed in assessing evoked potentials
by Yao (2001), should be further investigated. Nevertheless,
the fact that the equivalent sources of evoked potentials and
oscillatory activities are actually independent from the choice
of a particular reference, suggests the importance of identifying
neural generators of stimulus-induced ERD/ERS activities. With
accumulating evidence showing the functions of the oscillatory
brain activities in various aspects of pain perception (Mouraux
et al., 2003; Ploner et al., 2006a,b; Gross et al., 2007; Zhang et al.,
2012; Hu et al., 2013), identifying sources of oscillatory activities
is an essential step to directly determine the relation of EEG
oscillations to brain function and sensory process, thus revealing
how the different cortical areas function as a network involved in
human pain perception. For example, alpha oscillations close to
the occipito-parietal midline is closely linked to coherent objects
(Vanni et al., 1997), suggesting that the function of oscillatory
activity in occipitoparietal visual areas in modulating visual
shape processing. However, until now, identifying the sources
of oscillations in human brain is still a challenging problem
due to the low spatial resolution of EEG/MEG recording
techniques.
Source localization techniques have been proposed to identify
the responsible neural generators (Pascual-Marqui et al., 1994;
Cheyne et al., 2003; Hoechstetter et al., 2004; Jurkiewicz et al.,
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2006; Doesburg et al., 2009), e.g., dipole and distributed source
modelings, as well as beamformer technique, and have been
adopted in localizing the neural generators of pain related
oscillations (Raij et al., 2004; Ploner et al., 2006a,b; Gross et al.,
2007; Peng et al., 2012). Gross et al. (2007) computed the painful
stimuli induced high-frequency oscillations in the electrical
activity of the human S1 using a linearly constrained minimum
variance spatial filtering approach, and then the relationships
between stimulus induced gamma ERS and objective stimulus
intensity as well as subjective pain intensity were established on
the source level, making it possible to evaluate the functional
relevance of gamma oscillations in pain perceptionmore directly.
However, these source localization models are typically ill-
posed inverse problems since infinite number of sources could
explain a given scalp topography and additional information as
constraints is needed to obtain a unique solution. For example,
the beamformer source localization technique, which uses an
adaptive spatial filter to estimate the activity everywhere in the
brain (Gaetz and Cheyne, 2003; Cheyne et al., 2003), is based on
minimizing the source power (or variance) at a given location,
and assumes that sources in different parts of the brain are not
temporally correlated, which does not make sense physiologically
sometimes.
Alternative approaches based on the simultaneous recordings
of functional magnetic resonance imaging (fMRI) and EEG
(Laufs et al., 2003a; Lei et al., 2011; Dong et al., 2014) have also
been proposed to explore the neural sources of EEG oscillations
by identifying fMRI blood oxygenation level-dependent (BOLD)
signal changes related to spontaneous EEG power fluctuations.
Even it combines the high spatial resolution in fMRI and
high temporal resolution in EEG, such a method of correlating
continuously band-specific EEG power with fMRI-BOLD signal
changes, is actually an indirect way to identify source of
oscillations. Indeed, monitoring the large-scale neuronal firing
patterns and the generated local field potentials (LFPs) in animal
models (e.g., behaving rodents) serves a direct and effective way
to investigate the generators of these various oscillations as well
as their spatial and temporal relationships.
CFC
As a statistical relationship between oscillatory activities in two
different frequency bands, CFCs (may be appeared as phase-
to-phase, phase-to-power, or power-to-power couplings) have
been proposed to reflect the coordination of neural dynamics
across temporal and spatial scales (Canolty and Knight, 2010;
Canolty et al., 2006), and have been observed in many species
and brain regions. As revealed by the LFPs on monkeys, the
phase of low-frequency oscillations was shown to modulate the
amplitude of gamma oscillations (Wang et al., 2012), and such
CFC was suggest to integrate long-range neural interactions
mediated by low-frequency rhythms (e.g., theta/alpha) with
local computations mediated by high frequencies (i.e., gamma).
Importantly, the abnormal CFC is linked to several cognitive
processes and disease states (Schlee et al., 2009; López-Azcárate
et al., 2010; Miskovic et al., 2011; de Hemptinne et al.,
2013). Couplings between β-phase (13–30 Hz) and γ-amplitude
(50–200 Hz) in primary motor cortex showed to be exaggerated
for Parkinson patients compared with healthy subjects without
motor disorders, and such excessive coupling could be reduced
by therapeutic subthalamic nucleus stimulation (de Hemptinne
et al., 2013), suggesting the dysfunction of CFC in disease
states.
With the evidences showing: (1) the potential relevance of
CFC for understanding psychophysiological and pathological
brain functions (Canolty et al., 2006; Schlee et al., 2009;
Canolty and Knight, 2010; López-Azcárate et al., 2010; Miskovic
et al., 2011; de Hemptinne et al., 2013) and (2) nociceptive
somatosensory stimuli induced modulations of oscillations in
multiple frequency bands (Schulz et al., 2011; Zhang et al., 2012;
Hu et al., 2015), we believe that the oscillatory activities in
different frequency bands are functioning interactively within
the cortical network, and CFCs involved in pain could provide
complemented information for the establishment of the cortical
oscillatory bases of pain perception. However, it should be
noted that the couplings measured anywhere in the brain
can be potentially explained by the influence of external
sensory inputs or internal cognitive events, on the phase and
amplitude of the oscillations, rather than reflecting the actual
modulations in different frequency bands. For example, the
coupling of theta phase and gamma power observed in rodents
(Wang et al., 2011), which was interpreted as a reflection
of the storage and processing of nociceptive information,
actually can be explained by the common effects of the
nociceptive sensory inputs on both theta phase and gamma
power, instead of the actual CFC. Therefore, whether the
observed correlation between two bands (e.g., phase-amplitude)
is due to the common drive, e.g., generated by external or
internal input, or whether the correlation is due to a causal
interaction between rhythms should be distinguished in the
future study.
Dissection of Pre- and Post-Stimulus
Oscillations
The traditional approach to estimate ERD/ERS activities relies on
time-frequency decomposition methods to transform the single-
trial electrocortical signals into time-frequency distributions
(TFDs), and then the resulting TFDs are typically expressed
as a percentage change relative to pre-stimulus EEG power to
highlight the stimulus-induced changes in power within specific
frequency bands (Ploner et al., 2006b; Iannetti et al., 2008;
Hu et al., 2013). However, a recent study (Hu et al., 2014b)
demonstrated that such baseline percentage approach would
introduce a significant bias in estimating ERD/ERS magnitudes,
i.e., resulting in an overestimation of ERS and underestimation
of ERD, and pointed out that such bias could be avoided using a
single-trial baseline subtraction approach.
Importantly, the pre-stimulus oscillatory activities in
different frequency bands, reflecting the dynamics of brain
states, can influence both the post-stimulus ERPs and
sensory perception. For example, the pre-stimulus α-power
could significantly modulate the nociceptive-induced α-ERD
magnitude (Hu et al., 2013), by showing the nociceptive-induced
α-ERD magnitude was significantly more dependent on the
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pre-stimulus than on the post-stimulus α-power. A more
recent study (Tu et al., 2016) showed that the pre-stimulus
EEG oscillations in both alpha and gamma frequency bands
could significantly modulate the subjective perception of painful
stimuli, and importantly, the pre-stimulus alpha and gamma
oscillatory activities could provide distinctive information
in predicting subjective pain perception. Nevertheless, the
single-trial baseline correction approaches (both percentage
and subtraction methods) would confuse the contribution
of pre- and post-stimulus EEG power, since the baseline
corrected ERD/ERS activities reflect the mixed variabilities
of changes in the state of the system (reflected as the pre-
stimulus oscillations in different frequency bands; Laufs et al.,
2003b; Del Percio et al., 2006; Hu et al., 2013) and changes
induced by the stimulus and task (reflected as the post-stimulus
oscillations).
Thus, it is crucial to dissect the contributions of pre- and
post-stimulus power to the variability of ERD/ERS, which
reflect different psychophysiological mechanisms. It is proposed
to dissect and quantify the relationship between behavioral
variables (e.g., RTs and subjective pain intensity) and pre-
and post-stimulus EEG activities, e.g., based on a multivariate
linear regression model with the combination of partial least
square (PLS) regression (Hu et al., 2014b), thus allowing for a
full exploration of electrocortical oscillations involved in pain
perception.
POTENTIAL APPLICATIONS IN BASIC AND
CLINICAL PAIN STUDIES
By comprehensively investigating neural oscillatory activities
relating to the nociceptive sensory inputs (both transient and
tonic stimuli) on healthy subjects, it is likely to establish
an oscillatory basis of human pain perception and identify
how a network of cortical areas involves in human pain
experience. The identification of electrophysiological parameters
or signatures encoding how the cortex processes the nociceptive
inputs and how the experience of pain may emerge from this
complex processing, could indeed open a window to study
the cortical process underlying pain function as well as the
physiology mechanism of nociceptive systems in humans. In
clinical practice, this understanding also would make it possible
to predict/measure subjective pain intensity objectively, and
definitely help (1) explore the pathological mechanisms of
chronic pain and (2) achieve pain relief by modulation the
oscillatory activities using neurofeedback techniques, with the
investigation of cortical oscillatory activities on chronic pain
patients.
Identifying the Electrophysiological
Signatures of Pain Perception
In the last decades, a large number of EEG/MEG studies (Gross
et al., 2007; Iannetti et al., 2008; Schulz et al., 2011; Zhang et al.,
2012; Hu et al., 2013, 2014a) have extensively investigated the
neural activities in response to the various kinds of nociceptive
stimuli, with focusing specifically on temporal aspects of
nociceptive processing. LEPs have been used extensively in
the past decades for a progress in the understanding of
the cortical processes underlying pain perception, with the
assumption that they reflect, at least partly, neural activities
specifically involved in processing nociceptive somatosensory
inputs. However, Mouraux and Iannetti (2009) demonstrated
that nociceptive laser-evoked brain potentials do not reflect
nociceptive-specific neural activity by showing: (1) LEPs could
be entirely explained by a combination of multimodal neural
activities and somatosensory-specific neural activities and (2) the
magnitudes of the multimodal activities were significantly
correlated with subjective ratings of saliency regardless the
sensory modalities.
Nevertheless, with recent evidence showed that: (1) pain
induced gamma oscillations over S1 covaried with objective
stimulus intensity as well as subjective pain intensity (Gross
et al., 2007); (2) the magnitudes of laser induced gamma band
oscillations could always predict the subjective pain intensity
regardless of the stimulus repetition when applying trains of
three laser stimuli with constant 1 s interval (Zhang et al.,
2012); and (3) tonic heat pain induced gamma oscillations could
significantly predict subjective pain intensity (Peng et al., 2014;
Schulz et al., 2015), we speculate that the gamma oscillation may
be a candidate of the electrophysiological signatures reflecting
nociceptive specific neural activities, even further investigation
should be done.
Predicting Subjective Pain Intensity
Even pain is a subjective first-person experience, and self-report
is considered as the golden standard for the evaluation of pain
intensity in clinical situations (Cruccu et al., 2010), self-reports
of pain intensity are not available in some vulnerable populations
which may lead to inadequate or suboptimal treatment of pain.
An objectivemeasurement of pain intensity that can complement
self-reports, e.g., to monitor the effect of analgesic drug or the
recovery of nociceptive system for non-communicative patients,
is in demanding in clinical practice. Even it would be optimal
to use pain-specific electrophysiological signatures in predicting
subjective pain intensity, using the electrophysiological features
that are pain-related but not directly specific to pain processing,
could also achieve a relatively high accuracy. For example, for
an objective evaluation of pain intensity, Huang et al. (2013)
used the evoked potentials information (N2 and P2 latencies
and amplitudes) of single-trial LEPs, which are considered to
mainly reflect attention capture and arousal to the painful
stimuli (Iannetti et al., 2008; Mouraux and Iannetti, 2009), with
prediction accuracy of ∼86.3% and ∼80.3% at within-individual
and cross-individual level respectively.
Considering (1) the close association between time-frequency
oscillatory features (e.g., gamma ERS) with subjective pain
intensity (Gross et al., 2007; Zhang et al., 2012); (2) the
oscillatory features could provide complementary information
of cortical processing that is different from those reflected
by evoked potentials (Mouraux and Iannetti, 2008); and
(3) the fluctuations of pre-stimulus oscillations could
influence and modulate the subsequent sensory perception
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(Mathewson et al., 2009; Tu et al., 2016), we propose that
the prediction of subjective pain intensity is promising to
obtain a better performance with the combination information
of stimulus-evoked ERPs, stimulus-induced ERD/ERS, and
pre-stimulus oscillation in different frequency bands.
Investigating the Pathological Mechanisms
of Chronic Pain: Abnormal Oscillatory
Activities in Chronic Pain Patients
Clinical studies have revealed that some chronic pain patients are
associated with the occurrence of abnormal cortical oscillatory
activities (Sarnthein et al., 2006; Drewes et al., 2008; Sarnthein
and Jeanmonod, 2008; Schlee et al., 2009; Walton et al., 2010).
By comparing power spectra of the resting EEG of neurogenic
pain patients and healthy controls, the patient group exhibited
higher resting-EEG power over the frequency range of 2–25 Hz,
and the maximal difference appeared in theta frequency band in
all electrodes (Sarnthein et al., 2006). Importantly, the excessive
theta power gradually decreased and approached normal values
after thalamic surgery, suggesting that both EEG and neurogenic
pain may be determined by tightly coupled thalamocortical
loops (Sarnthein et al., 2006). In addition, the patients with
visceral (Drewes et al., 2008) and somatic pain syndromes
such as complex regional pain syndrome and neurogenic
pain (Sarnthein and Jeanmonod, 2008; Walton et al., 2010)
also showed higher baseline levels of delta and/or theta EEG
oscillations compared with the healthy controls, localized to the
somatosensory cortex corresponding to the pain localization,
and to orbitofrontal-temporal cortices related to the affective
pain perception. Hepatic encephalopathy patients showed a
decreased peak frequency of alpha activity and a delayed alpha
rebound in painful stimulus processing over the somatosensory
cortex, compared with healthy controls (May et al., 2014). The
alternations of the oscillatory activities in chronic pain patients
may reflect a dysfunctioned local communication or long-range
communication between the functionally specialized assemblies
formed by a huge number of neurons in the human brain
(Schnitzler and Gross, 2005). Studying the abnormal oscillations
in chronic pain patients, could provide insights about the
pathological mechanisms underlying chronic pain situations,
thus at last leading to a rational basis for the management of pain.
Relieving Pain by Modulating Cortical
Oscillatory Activities using Neurofeedback
Techniques
With the evidences showing the association between the ongoing
oscillatory activities and subsequent sensory perception and
behaviors (Rahn and Bas,ar, 1993a,b; Babiloni et al., 2008;
Romei et al., 2008; Lange et al., 2012; Tu et al., 2016), the
application of neurostimulation techniques outside the skull,
such as repetitive transcranial magnetic stimulation (rTMS) and
transcranial alternating current stimulation (tACS) that could
selectively modulate the oscillatory activities at specific brain
areas (e.g., sensorimotor cortex), is promising to relieve pain
(Klein et al., 2015). Using these online stimulation techniques
could not only reveal the causal roles of the oscillatory brain
activities and subjective pain perception, but also may be
considered as effective strategies for clinical pain relief.
Indeed, with the delivery of 20 Hz rTMS over S2, patients
with chronic visceral pain exhibited significant analgesic
effects (Fregni et al., 2005). In addition, subthreshold motor
cortex rTMS at 10 Hz to the chronic neuropathic pain
patients, could significantly reduce pain intensity and thermal
sensory thresholds in the painful zone, and the pain relief
showed to be correlated with the improvement of warmth
sensory thresholds (Lefaucheur et al., 2008). They interpret
the action of rTMS to patients with chronic pain could
induce changes of cortical excitability, thus for a restoration of
defective intracortical GABAergic inhibitory processes and the
normalization of neuronal activity in thermal sensory relays,
since chronic neuropathic pain was associated with the motor
cortex disinhibition, which may be related to the impairment
of GABAergic neurotransmission responsive to some aspects
of pain symptom or to the underlying sensory or motor
disturbance. In addition, by testing the effectiveness of tACS
over S1 at a wide frequency band (ranging from 2–70 Hz),
the tACS over S1 could elicit tactile sensation in a frequency-
dependent manner (Feurra et al., 2011), with obvious effects
at stimulus frequency within both alpha (10–14 Hz) and high
gamma (52–70 Hz) ranges, indicating that online stimulation
techniques could be used to reveal the causal roles of the brain
oscillations.
SUMMARY
Besides ERPs, the nociceptive somatosensory inputs could also
induce modulations of cortical oscillations, appeared as ERD or
ERS in different frequency bands. These ERD/ERS activities are
suggested to be involved in different aspects of pain perception
(e.g., sensory perception and behavior), even though the details
of their functional roles remain unclear. From a methodological
perspective, apart from the temporal, spectral, and spatial
profiles of the oscillatory activities, it is instructive to adopt
novel parameters (e.g., phase, neural generator, and CFC) to
comprehensively evaluate the dynamics of cortical oscillations,
thus allowing a full exploration of the neuronal oscillations
involved in pain perception. Identifying pain related oscillatory
activities and establishing an oscillatory basis of pain perception,
could lead new insights into the physiological mechanisms of
nociceptive systems in humans. In clinical practice, this also
offers exciting prospects for the investigation of pathological
mechanisms of chronic pain, thus promoting the development
of rational therapeutic strategy.
AUTHOR CONTRIBUTIONS
WWP wrote and revised the manuscript. DDT revised the
manuscript.
FUNDING
WWP is supported by the National Natural Science Foundation
of China (31500921).
Frontiers in Computational Neuroscience | www.frontiersin.org 7 February 2016 | Volume 10 | Article 9
Peng and Tang Pain Related Cortical Oscillations
REFERENCES
Babiloni, C., Brancucci, A., Del Percio, C., Capotosto, P., Arendt-Nielsen, L., Chen,
A. C., et al. (2006). Anticipatory electroencephalography alpha rhythm predicts
subjective perception of pain intensity. J. Pain 7, 709–717. doi: 10.1016/j.jpain.
2006.03.005
Babiloni, C., Del Percio, C., Brancucci, A., Capotosto, P., Le Pera, D., Marzano, N.,
et al. (2008). Pre-stimulus alpha power affects vertex N2–P2 potentials evoked
by noxious stimuli. Brain Res. Bull. 75, 581–590. doi: 10.1016/j.brainresbull.
2007.09.009
Bromm, B., and Chen, A. C. (1995). Brain electrical source analysis of laser
evoked potentials in response to painful trigeminal nerve stimulation.
Electroencephalogr. Clin. Neurophysiol. 95, 14–26. doi: 10.1016/0013-
4694(95)00032-t
Bromm, B., Jahnke, M. T., and Treede, R. D. (1984). Responses of human
cutaneous afferents to CO2 laser stimuli causing pain. Exp. Brain Res. 55,
158–166. doi: 10.1007/bf00240510
Busch, N. A., Dubois, J., and VanRullen, R. (2009). The phase of ongoing EEG
oscillations predicts visual perception. J. Neurosci. 29, 7869–7876. doi: 10.
1523/JNEUROSCI.0113-09.2009
Buzsáki, G., and Draguhn, A. (2004). Neuronal oscillations in cortical networks.
Science 304, 1926–1929. doi: 10.1126/science.1099745
Canolty, R. T., Edwards, E., Dalal, S. S., Soltani, M., Nagarajan, S. S., Kirsch, H. E.,
et al. (2006). High gamma power is phase-locked to theta oscillations in human
neocortex. Science 313, 1626–1628. doi: 10.1126/science.1128115
Canolty, R. T., and Knight, R. T. (2010). The functional role of cross-frequency
coupling. Trends Cogn. Sci. 14, 506–515. doi: 10.1016/j.tics.2010.09.001
Carmon, A., Mor, J., and Goldberg, J. (1976). Evoked cerebral responses to
noxious thermal stimuli in humans. Exp. Brain Res. 25, 103–107. doi: 10.
1007/bf00237330
Cheyne, D., Gaetz, W., Garnero, L., Lachaux, J. P., Ducorps, A., Schwartz, D.,
et al. (2003). Neuromagnetic imaging of cortical oscillations accompanying
tactile stimulation. Brain Res. Cogn. Brain Res. 17, 599–611. doi: 10.1016/s0926-
6410(03)00173-3
Cruccu, G., Sommer, C., Anand, P., Attal, N., Baron, R., Garcia-Larrea,
L., et al. (2010). EFNS guidelines on neuropathic pain assessment:
revised 2009. Eur. J. Neurol. 17, 1010–1018. doi: 10.1111/j.1468-1331.2010.
02969.x
de Hemptinne, C., Ryapolova-Webb, E. S., Air, E. L., Garcia, P. A., Miller, K. J.,
Ojemann, J. G., et al. (2013). Exaggerated phase-amplitude coupling in the
primary motor cortex in Parkinson disease. Proc. Natl. Acad. Sci. U S A 110,
4780–4785. doi: 10.1073/pnas.1214546110
Del Percio, C., Le Pera, D., Arendt-Nielsen, L., Babiloni, C., Brancucci, A.,
Chen, A. C., et al. (2006). Distraction affects frontal alpha rhythms related to
expectancy of pain: an EEG study. Neuroimage 31, 1268–1277. doi: 10.1016/j.
neuroimage.2006.01.013
Doesburg, S. M., Green, J. J., Mcdonald, J. J., and Ward, L. M. (2009). Rhythms
of consciousness: binocular rivalry reveals large-scale oscillatory network
dynamics mediating visual perception. PLoS One 4:e6142. doi: 10.1371/journal.
pone.0006142
Dong, L., Gong, D. K., Valdes-Sosa, P. A., Xia, Y., Luo, C., Xu, P., et al.
(2014). Simultaneous EEG-fMRI: trial level spatio-temporal fusion for
hierarchically reliable information discovery. Neuroimage 99, 28–41. doi: 10.
1016/j.neuroimage.2014.05.029
Drewes, A. M., Gratkowski, M., Sami, S. A., Dimcevski, G., Funch-
Jensen, P., and Arendt-Nielsen, L. (2008). Is the pain in chronic
pancreatitis of neuropathic origin? Support from EEG studies during
experimental pain. World J. Gastroenterol. 14, 4020–4027. doi: 10.3748/wjg.
14.4020
Fellinger, R., Klimesch, W., Gruber, W., Freunberger, R., and Doppelmayr, M.
(2011). Pre-stimulus alpha phase-alignment predicts P1-amplitude. Brain Res.
Bull. 85, 417–423. doi: 10.1016/j.brainresbull.2011.03.025
Feurra, M., Paulus, W., Walsh, V., and Kanai, R. (2011). Frequency specific
modulation of human somatosensory cortex. Front. Psychol. 2:13. doi: 10.
3389/fpsyg.2011.00013
Fregni, F., Dasilva, D., Potvin, K., Ramos-Estebanez, C., Cohen, D., Pascual-
Leone, A., et al. (2005). Treatment of chronic visceral pain with brain
stimulation. Ann. Neurol. 58, 971–972. doi: 10.1002/ana.20651
Fries, P. (2009). Neuronal gamma-band synchronization as a fundamental
process in cortical computation. Annu. Rev. Neurosci. 32, 209–224. doi: 10.
1146/annurev.neuro.051508.135603
Gaetz, W. C., and Cheyne, D. O. (2003). Localization of human somatosensory
cortex using spatially filtered magnetoencephalography. Neurosci. Lett. 340,
161–164. doi: 10.1016/s0304-3940(03)00108-3
Garcia-Larrea, L., Frot, M., and Valeriani, M. (2003). Brain generators of laser-
evoked potentials: from dipoles to functional significance. Neurophysiol. Clin.
33, 279–292. doi: 10.1016/j.neucli.2003.10.008
Gross, J., Schnitzler, A., Timmermann, L., and Ploner, M. (2007). Gamma
oscillations in human primary somatosensory cortex reflect pain perception.
PLoS Biol. 5:e133. doi: 10.1371/journal.pbio.0050133
Gruber, W. R., Klimesch, W., Sauseng, P., and Doppelmayr, M. (2005). Alpha
phase synchronization predicts P1 and N1 latency and amplitude size. Cereb.
Cortex 15, 371–377. doi: 10.1093/cercor/bhh139
Haig, A. R., and Gordon, E. (1998). Prestimulus EEG alpha phase synchronicity
influences N100 amplitude and reaction time. Psychophysiology 35, 591–595.
doi: 10.1017/s0048577298970512
Hauck, M., Lorenz, J., and Engel, A. K. (2007). Attention to painful stimulation
enhances gamma-band activity and synchronization in human sensorimotor
cortex. J. Neurosci. 27, 9270–9277. doi: 10.1523/jneurosci.2283-07.2007
Hipp, J. F., Engel, A. K., and Siegel,M. (2011). Oscillatory synchronization in large-
scale cortical networks predicts perception.Neuron 69, 387–396. doi: 10.1016/j.
neuron.2010.12.027
Hoechstetter, K., Bornfleth, H., Weckesser, D., Ille, N., Berg, P., and Scherg, M.
(2004). BESA source coherence: a new method to study cortical oscillatory
coupling. Brain Topogr. 16, 233–238. doi: 10.1023/b:brat.0000032857.
55223.5d
Hu, L., Peng, W., Valentini, E., Zhang, Z., and Hu, Y. (2013). Functional features
of nociceptive-induced suppression of alpha band electroencephalographic
oscillations. J. Pain 14, 89–99. doi: 10.1016/j.jpain.2012.10.008
Hu, L., Valentini, E., Zhang, Z. G., Liang, M., and Iannetti, G. D. (2014a). The
primary somatosensory cortex contributes to the latest part of the cortical
response elicited by nociceptive somatosensory stimuli in humans.Neuroimage
84, 383–393. doi: 10.1016/j.neuroimage.2013.08.057
Hu, L., Xiao, P., Zhang, Z. G., Mouraux, A., and Iannetti, G. D. (2014b). Single-
trial time-frequency analysis of electrocortical signals: baseline correction and
beyond. Neuroimage 84, 876–887. doi: 10.1016/j.neuroimage.2013.09.055
Hu, L., Zhang, Z. G., Mouraux, A., and Iannetti, G. D. (2015). Multiple linear
regression to estimate time-frequency electrophysiological responses in single
trials. Neuroimage 111, 442–453. doi: 10.1016/j.neuroimage.2015.01.062
Huang, G., Xiao, P., Hung, Y. S., Iannetti, G. D., Zhang, Z. G., and Hu, L. (2013).
A novel approach to predict subjective pain perception from single-trial laser-
evoked potentials. Neuroimage 81, 283–293. doi: 10.1016/j.neuroimage.2013.
05.017
Iannetti, G. D., Hughes, N. P., Lee, M. C., and Mouraux, A. (2008). Determinants
of laser-evoked EEG responses: pain perception or stimulus saliency?
Neuroimage 100, 815–828. doi: 10.1152/jn.00097.2008
Iannetti, G. D., Truini, A., Romaniello, A., Galeotti, F., Rizzo, C., Manfredi, M.,
et al. (2003). Evidence of a specific spinal pathway for the sense of warmth in
humans. J. Neurophysiol. 89, 562–570. doi: 10.1152/jn.00393.2002
Jurkiewicz, M. T., Gaetz, W. C., Bostan, A. C., and Cheyne, D. (2006).
Post-movement beta rebound is generated in motor cortex: evidence
from neuromagnetic recordings. Neuroimage 32, 1281–1289. doi: 10.1016/j.
neuroimage.2006.06.005
Klein, M. M., Treister, R., Raij, T., Pascual-Leone, A., Park, L., Nurmikko,
T., et al. (2015). Transcranial magnetic stimulation of the brain: guidelines
for pain treatment research. Pain 156, 1601–1614. doi: 10.1097/j.pain.
0000000000000210
Kruglikov, S. Y., and Schiff, S. J. (2003). Interplay of electroencephalogram phase
and auditory-evoked neural activity. J. Neurosci. 23, 10122–10127.
Lakatos, P., Shah, A. S., Knuth, K. H., Ulbert, I., Karmos, G., and Schroeder, C. E.
(2005). An oscillatory hierarchy controlling neuronal excitability and stimulus
processing in the auditory cortex. J. Neurophysiol. 94, 1904–1911. doi: 10.
1152/jn.00263.2005
Lange, J., Halacz, J., van Dijk, H., Kahlbrock, N., and Schnitzler, A. (2012).
Fluctuations of prestimulus oscillatory power predict subjective perception of
tactile simultaneity. Cereb. Cortex 22, 2564–2574. doi: 10.1093/cercor/bhr329
Frontiers in Computational Neuroscience | www.frontiersin.org 8 February 2016 | Volume 10 | Article 9
Peng and Tang Pain Related Cortical Oscillations
Laufs, H., Kleinschmidt, A., Beyerle, A., Eger, E., Salek-Haddadi, A., Preibisch, C.,
et al. (2003a). EEG-correlated fMRI of human alpha activity. Neuroimage 19,
1463–1476. doi: 10.1016/s1053-8119(03)00286-6
Laufs, H., Krakow, K., Sterzer, P., Eger, E., Beyerle, A., Salek-Haddadi,
A., et al. (2003b). Electroencephalographic signatures of attentional and
cognitive default modes in spontaneous brain activity fluctuations at rest.
Proc. Natl. Acad. Sci. U S A 100, 11053–11058. doi: 10.1073/pnas.18316
38100
Lefaucheur, J. P., Drouot, X., Menard-Lefaucheur, I., Keravel, Y., and Nguyen,
J. P. (2008). Motor cortex rTMS in chronic neuropathic pain: pain relief is
associated with thermal sensory perception improvement. J. Neurol. Neurosurg.
Psychiatry 79, 1044–1049. doi: 10.1136/jnnp.2007.135327
Lei, X., Xu, P., Luo, C., Zhao, J. P., Zhou, D., and Yao, D. Z. (2011). fMRI functional
networks for EEG source imaging. Hum. Brain Mapp. 32, 1141–1160. doi: 10.
1002/hbm.21098
Lenz, F. A., Krauss, G., Treede, R. D., Lee, J. L., Boatman, D., Crone, N., et al.
(2000). Different generators in human temporal-parasylvian cortex account
for subdural laser-evoked potentials, auditory-evoked potentials and event-
related potentials. Neurosci. Lett. 279, 153–156. doi: 10.1016/s0304-3940(99)
00986-6
López-Azcárate, J., Tainta, M., Rodríguez-Oroz, M. C., Valencia, M., González,
R., Guridi, J., et al. (2010). Coupling between beta and high-frequency activity
in the human subthalamic nucleus may be a pathophysiological mechanism
in Parkinson’s disease. J. Neurosci. 30, 6667–6677. doi: 10.1523/JNEUROSCI.
5459-09.2010
Mathewson, K. E., Gratton, G., Fabiani, M., Beck, D. M., and Ro, T. (2009). To see
or not to see: prestimulus alpha phase predicts visual awareness. J. Neurosci. 29,
2725–2732. doi: 10.1523/JNEUROSCI.3963-08.2009
May, E. S., Butz, M., Kahlbrock, N., Brenner, M., Hoogenboom, N., Kircheis, G.,
et al. (2014). Hepatic encephalopathy is associated with slowed and delayed
stimulus-associated somatosensory alpha activity. Clin. Neurophysiol. 125,
2427–2435. doi: 10.1016/j.clinph.2014.03.018
Miskovic, V., Moscovitch, D. A., Santesso, D. L., McCabe, R. E., Antony, M. M.,
and Schmidt, L. A. (2011). Changes in EEG cross-frequency coupling during
cognitive behavioral therapy for social anxiety disorder. Psychol. Sci. 22,
507–516. doi: 10.1177/0956797611400914
Mouraux, A., Guérit, J. M., and Plaghki, L. (2003). Non-phase locked
electroencephalogram (EEG) responses to CO2 laser skin stimulations may
reflect central interactions between A partial partial differential- and C-
fibre afferent volleys. Clin. Neurophysiol. 114, 710–722. doi: 10.1016/s1388-
2457(03)00027-0
Mouraux, A., and Iannetti, G. D. (2008). Across-trial averaging of event-related
EEG responses and beyond. Magn. Reson. Imaging 26, 1041–1054. doi: 10.
1016/j.mri.2008.01.011
Mouraux, A., and Iannetti, G. D. (2009). Nociceptive laser-evoked brain potentials
do not reflect nociceptive-specific neural activity. J. Neurophysiol. 101,
3258–3269. doi: 10.1152/jn.91181.2008
Palva, S., and Palva, J. M. (2011). Functional roles of alpha-band phase
synchronization in local and large-scale cortical networks. Front. Psychol. 2:204.
doi: 10.3389/fpsyg.2011.00204
Pascual-Marqui, R. D., Michel, C. M., and Lehmann, D. (1994). Low resolution
electromagnetic tomography: a new method for localizing electrical activity in
the brain. Int. J. Psychophysiol. 18, 49–65. doi: 10.1016/0167-8760(84)90014-x
Peng, W. W., Hu, L., Zhang, Z. G., and Hu, Y. (2012). Causality in the association
between P300 and Alpha event-related desynchronization. PLoS One 7:e34163.
doi: 10.1371/journal.pone.0034163
Peng,W., Hu, L., Zhang, Z., and Hu, Y. (2014). Changes of spontaneous oscillatory
activity to tonic heat pain. PLoS One 9:e91052. doi: 10.1371/journal.pone.
0091052
Pfurtscheller, G., and Lopes da Silva, F. H. (1999). Event-related EEG/MEG
synchronization and desynchronization: basic principles. Clin. Neurophysiol.
110, 1842–1857. doi: 10.1016/s1388-2457(99)00141-8
Ploner, M., Gross, J., Timmermann, L., Pollok, B., and Schnitzler, A. (2006a).
Oscillatory activity reflects the excitability of the human somatosensory system.
Neuroimage 32, 1231–1236. doi: 10.1016/j.neuroimage.2006.06.004
Ploner, M., Gross, J., Timmermann, L., Pollok, B., and Schnitzler, A. (2006b).
Pain suppresses spontaneous brain rhythms.Cereb. Cortex 16, 537–540. doi: 10.
1093/cercor/bhj001
Rahn, E., and Bas,ar, E. (1993a). Enhancement of visual-evoked potentials by
stimulation during low prestimulus EEG stages. Int. J. Neurosci. 72, 123–136.
doi: 10.3109/00207459308991629
Rahn, E., and Bas,ar, E. (1993b). Prestimulus EEG-activity strongly influences the
auditory evoked vertex response: a new method for selective averaging. Int. J.
Neurosci. 69, 207–220. doi: 10.3109/00207459309003331
Raij, T. T., Forss, N., Stancák, A., and Hari, R. (2004). Modulation of motor-cortex
oscillatory activity by painful Aδ- and C-fiber stimuli.Neuroimage 23, 569–573.
doi: 10.1016/j.neuroimage.2004.06.036
Rajkai, C., Lakatos, P., Chen, C. M., Pincze, Z., Karmos, G., and Schroeder, C. E.
(2008). Transient cortical excitation at the onset of visual fixation.Cereb. Cortex
18, 200–209. doi: 10.1093/cercor/bhm046
Romei, V., Brodbeck, V., Michel, C., Amedi, A., Pascual-Leone, A., and Thut, G.
(2008). Spontaneous fluctuations in posterior alpha-band EEG activity reflect
variability in excitability of human visual areas. Cereb. Cortex 18, 2010–2018.
doi: 10.1093/cercor/bhm229
Saalmann, Y. B., Pinsk,M. A.,Wang, L., Li, X., and Kastner, S. (2012). The pulvinar
regulates information transmission between cortical areas based on attention
demands. Science 337, 753–756. doi: 10.1126/science.1223082
Sarnthein, J., and Jeanmonod, D. (2008). High thalamocortical theta coherence
in patients with neurogenic pain. Neuroimage 39, 1910–1917. doi: 10.1016/j.
neuroimage.2007.10.019
Sarnthein, J., Stern, J., Aufenberg, C., Rousson, V., and Jeanmonod, D. (2006).
Increased EEG power and slowed dominant frequency in patients with
neurogenic pain. Brain 129, 55–64. doi: 10.1093/brain/awh631
Schlee, W., Hartmann, T., Langguth, B., and Weisz, N. (2009). Abnormal resting-
state cortical coupling in chronic tinnitus. BMC Neurosci. 10:11. doi: 10.
1186/1471-2202-10-11
Schnitzler, A., and Gross, J. (2005). Normal and pathological oscillatory
communication in the brain. Nat. Rev. Neurosci. 6, 285–296. doi: 10.
1038/nrn1650
Schnitzler, A., Gross, J., and Timmermann, L. (2000). Synchronised oscillations of
the human sensorimotor cortex. Acta Neurobiol. Exp. (Wars) 60, 271–287.
Schulz, E., May, E. S., Postorino, M., Tiemann, L., Nickel, M. M., Witkovsky, V.,
et al. (2015). Prefrontal Gamma oscillations encode tonic pain in humans.
Cereb. Cortex 25, 4407–4414. doi: 10.1093/cercor/bhv043
Schulz, E., Tiemann, L., Schuster, T., Gross, J., and Ploner, M. (2011).
Neurophysiological coding of traits and states in the perception of pain. Cereb.
Cortex 21, 2408–2414. doi: 10.1093/cercor/bhr027
Tallon-Baudry, C., and Bertrand, O. (1999). Oscillatory gamma activity in humans
and its role in object representation. Trends Cogn. Sci. 3, 151–162. doi: 10.
1016/s1364-6613(99)01299-1
Tarkka, I. M., and Treede, R. D. (1993). Equivalent electrical source
analysis of pain-related somatosensory evoked potentials elicited by a CO2
laser. J. Clin. Neurophysiol. 10, 513–519. doi: 10.1097/00004691-199310000-
00009
Thut, G., Nietzel, A., Brandt, S. A., and Pascual-Leone, A. (2006). Alpha-band
electroencephalographic activity over occipital cortex indexes visuospatial
attention bias and predicts visual target detection. J. Neurosci. 26, 9494–9502.
doi: 10.1523/jneurosci.0875-06.2006
Treede, R. D. (2003). Neurophysiological studies of pain pathways in peripheral
and central nervous system disorders. J. Neurol. 250, 1152–1161. doi: 10.
1007/s00415-003-0237-7
Treede, R. D., Lorenz, J., and Baumgärtner, U. (2003). Clinical usefulness of laser-
evoked potentials. Neurophysiol. Clin. 33, 303–314. doi: 10.1016/j.neucli.2003.
10.009
Tu, Y. H., Zhang, Z. G., Tan, A., Peng, W. W., Hung, Y. S., Moayedid, M., et al.
(2016). Alpha and gamma oscillation amplitudes synergistically predict the
perception of forthcoming stimuli. Hum. Brain Mapp. 37, 501–514. doi: 10.
1002/hbm.23048
Valentini, E., Hu, L., Chakrabarti, B., Hu, Y., Aglioti, S. M., and Iannetti, G. D.
(2012). The primary somatosensory cortex largely contributes to the early
part of the cortical response elicited by nociceptive stimuli. Neuroimage 59,
1571–1581. doi: 10.1016/j.neuroimage.2011.08.069
Vanni, S., Revonsuo, A., and Hari, R. (1997). Modulation of the parieto-occipital
alpha rhythm during object detection. J. Neurosci. 17, 7141–7147.
von Stein, A., and Sarnthein, J. (2000). Different frequencies for different
scales of cortical integration: from local gamma to long range alpha/theta
Frontiers in Computational Neuroscience | www.frontiersin.org 9 February 2016 | Volume 10 | Article 9
Peng and Tang Pain Related Cortical Oscillations
synchronization. Int. J. Psychophysiol. 38, 301–313. doi: 10.1016/s0167-
8760(00)00172-0
Walton, K. D., Dubois, M., and Llinás, R. R. (2010). Abnormal thalamocortical
activity in patients with Complex Regional Pain Syndrome (CRPS) type I. Pain
150, 41–51. doi: 10.1016/j.pain.2010.02.023
Wang, J., Li, D., Li, X. L., Liu, F. Y., Xing, G. G., Cai, J., et al. (2011). Phase-
amplitude coupling between theta and gamma oscillations during nociception
in rat electroencephalography. Neurosci. Lett. 499, 84–87. doi: 10.1016/j.neulet.
2011.05.037
Wang, L., Saalmann, Y. B., Pinsk, M. A., Arcaro, M. J., and Kastner, S. (2012).
Electrophysiological low-frequency coherence and cross-frequency coupling
contribute to BOLD connectivity. Neuron 76, 1010–1020. doi: 10.1016/j.
neuron.2012.09.033
Yao, D. Z. (2001). A method to standardize a reference of scalp EEG recordings to
a point at infinity. Physiol. Meas. 22, 693–711. doi: 10.1088/0967-3334/22/4/305
Zhang, Z. G., Hu, L., Hung, Y. S., Mouraux, A., and Iannetti, G. D. (2012).
Gamma-band oscillations in the primary somatosensory cortex-a direct and
obligatory correlate of subjective pain intensity. J. Neurosci. 32, 7429–7438.
doi: 10.1523/JNEUROSCI.5877-11.2012
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Peng and Tang. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
and reproduction in other forums is permitted, provided the original author(s) or
licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.
Frontiers in Computational Neuroscience | www.frontiersin.org 10 February 2016 | Volume 10 | Article 9
